Abstract. Thermo-oxidative degradation of graphite/epoxy composite laminates due to exposure to elevated temperatures was characterized using weight loss and short beam strength (SBS) reduction data. Test specimens obtained from 24-ply, unidirectional AS4/3501-6 graphite/epoxy laminates were subjected to 100, 150, 175, and 200°C for 5000 hours (208 days) in air. Predictive differential models for the weight loss and short beam strength reduction were developed using the isothermal degradation data only up to 2000 hours. Then, the predictive capabilities of both models were demonstrated using the longer term, 5000 hours degradation data. The proposed models were first order differential expressions that can be used to predict degradation in an arbitrary, time-dependent temperature environment. Both models were able to estimate the actual degradation levels accurately. In particular, excellent agreement was obtained when the degradation temperature was lower than 200°C.
Introduction
Despite their low density and excellent mechanical properties, fiber reinforced polymeric composites (FRPCs) are known to be sensitive to environmental factors. In particular, elevated temperatures coupled with oxygen-induced aging can lead to significant reduction in properties as well as a considerable mass loss. These nonreversible changes are frequently referred to as 'thermo-oxidative aging' and are initiated by the diffusion of oxygen into the composite. Elevated temperatures accelerate the oxygen diffusion rate and often lead to oxidation reactions that result in weight loss, microcracks in the resin and resin-fiber debonding [1] [2] [3] . Starting with the studies of Greer [4] , Nelson [5] , and Bowles and Meyers [6] , various effects of thermo-oxidative aging on FRPCs have been investigated during the last two to three decades. Obviously, a major goal of such studies is the prediction of long-term degradation behavior and service life of the FRPCs when they are exposed to an arbitrary, time dependent temperature cycle. It is highly impractical to expect full characterization of longterm aging solely by experiments as the time required to carry out such studies is often prohibitive [7] . The modeling efforts have been mostly accomplished by following the changes in one or more degradation parameters such as weight loss, microcrack density or a relevant mechanical property under isothermal conditions. It was also proposed that using the so-called equivalent property time and equivalent cycle time concepts [8] [9] [10] , time required to achieve a certain degradation state at one temperature can be used to estimate the time required to induce the same degradation at another temperature. Another method to extend the utility of shorter term experiments is to perform these experiments at high pressures, thus accelerating the rate of oxygen diffusion without altering the temperature sensitive oxidation reaction kinetics [2, 11] . More recently, researchers have tried to establish the link between the degradation kinetics and reduction in mechanical properties in an effort to improve the applicability and predictive capability of aging models [12, 13] . However, to the best of authors' knowledge, the elusive goal of linking diffusive-oxidative phenomenon to changes in mechanical properties of polymeric composites has not been achieved yet. In this study, the applicability of first order, differential weight loss and strength reduction models beyond the time frame of the data used to develop these models was investigated. This approach would save significant time provided that an acceptable accuracy can be achieved by only using the shorter term data.
Material and experimental procedure
Twenty-four-ply, unidirectional, graphite/epoxy (i.e., Hercules AS4/3501-6, Hexcel, Connecticut, USA) laminates were used in this study. The Polyacrylonitrile-based (PAN-based) continuous AS4 fibers have a carbon content of 94% [14] . The 3501-6 is a Bisphenol A Diglycidyl Ether (DGEBA) type epoxy resin that has been frequently used in aerospace industry [15] . The detailed composition of 3501-6 has been analyzed by Hou and Bai [16] . The composite material system is expected to be used at temperatures up to the recommended cure temperature of 177°C (350°F) [14] . The laminates in this study were cured in an autoclave using a heat rate of 5°C/min followed by a 3 hours hold at 177°C (350°F) at 206.8 kPa (30 psi) pressure. After the fabrication, short beam strength (SBS) test specimens were prepared as suggested by ASTM D 2344-00. All specimens were subsequently dried in a vacuum oven at 60°C for 8~10 days and kept in a vacuum desiccator until the aging experiments. During aging experiments, the specimens were exposed to four different temperatures: 100, 150, 175, and 200°C for up to 5000 hours (208 days) in air. Effect of thermooxidative aging was tracked by monitoring the changes in short beam strength and weight of the specimens. Short beam strength values were calculated in three-point bending test mode. As recommended by ASTM, test span to sample thickness ratio has to be preferably around 4 to obtain accurate short beam strength values. Since the average thickness of the 24-ply samples was around 3.5 mm, a span of 14 mm is used to ensure failure due to interlaminar shear stresses. During the course of aging, groups of specimens were removed from the heating chambers at pre-determined times for strength and weight measurements. The threepoint bending tests were carried out at ambient temperature between 20 to 22°C. The sample deflection during testing was recorded by a linear variable differential transformer (LVDT) system, yielding repeatable results within 0.1% of the full deflection scale. In each bending tests, 8 samples were used to minimize the experimental uncertainty. More than 400 composite samples were tested to develop the models. It should be noted that strength reduction models need to accurately capture the initial rate of degradation where the composites experience the highest rate of strength loss. To achieve this, samples need to be tested more frequently in the early stages of the experiments. In fact, modeling short beam strength degradation is critical for estimating service life of composites as it is more sensitive to thermo-oxidative aging due to its strong dependence on matrix properties. Other mechanical properties such as modulus, tensile or flexural strength are influenced more by the fiber properties, and thus experience moderate degradation compared to short beam strength.
Thermo-oxidative degradation results

Short term degradation
Percentage weight loss experienced by the composite samples during the first 2000 hours of aging at 100, 150, 175, and 200°C is shown in Figure 1 . The temporal evolution of weight loss for each temperature is obtained by weighing the same group of eight samples. Error bars shown in Figure 1 are determined by using 95% confidence interval. The samples are weighed as frequent as necessary to identify a well established trend such that a differential model, which depends on the time rate of change of weight loss, can be developed. Thus, the weight loss of samples subjected to 200°C are measured seven times within the first 250 hours, whereas those exposed to 100°C are only measured three times. Figure 1 indicates that at 100°C, the samples experienced less than 0.2% weight loss which remained constant after the first 100 hours of aging. This finite and very small weight loss is possibly due to desorption of moisture that was already in the samples. The fact that the weight loss have not increased with time corroborates this assessment. Samples exposed to 175 and 200°C show higher rates of weight loss within the first 500 hours. Rates of weight loss reduced considerably after 1000 hours of aging. Since the same group of eight composite samples was used for each temperature, the variation of percent weight loss at a particular time is very small within a sample group. Hence, the error bars shown in Figure 1 are very small, indicating minimal experimental uncertainty. It is important to point out that the glass transition temperature, T g , of this composite laminate is less than 200°C, most likely between 190 to 195°C when it is fully cured [14, 17] . Thus thermo-oxidative aging at 200°C is slightly above glass transition such that the degradation is taking place in the rubbery phase. Clearly, these composite laminates will not be designed to function above glass transition; however, they might experience unexpected overheating or other thermal events that may raise the temperature temporarily above their glass transition. It is very desirable to assess the structural health and the damage sustained by the composite part after such an event. Investigating the effect of an aging temperature above the glass transition is especially meaningful as the possibility of having a single predictive model -as opposed to having separate models for below and above glass transitionfor a wider temperature range is very appealing. To obtain the percent short beam strength reduction at different times, the measured strength values of eight aged samples were compared with those of the 27 unaged specimens that were tested earlier. The testing of 27 unaged specimens gave an initial SBS value of 87.06±2.8 MPa at 95% confidence interval. At the start of the experiments, testing a much higher number of unaged samples was important to establish a reliable baseline value for SBS. It is obvious from Figure 2 that the variation of short beam strength within a sample set is much larger than the weight loss as indicated by the larger uncertainty bars. Considering that a new sample set is tested for each data point and the inherent uncertainty in characterizing strength of composites, the variation observed in Figure 2 is rather modest. Similar to the weight loss measurements, strength data is obtained at much shorter intervals during the initial phase of aging. By testing considerable number of samples within the first 250 hours, initial degradation rates are expected to be characterized sufficiently accurate for model development. Samples aged at 100°C did not show a discernable strength reduction within the first 2000 hours. Unchanged strength values validate the earlier assessment that the initial weight loss observed in these samples were in fact due to the loss of moisture within the samples. Hence, data obtained at 100°C are not used in degradation models developed later. 
Predictive modeling
To develop predictive thermo-oxidative degradation models, the time rate of reduction of any composite property including its weight is chosen to be written in Equation (1): (1) where φ is the degradation parameter and T represents the temperature. In this study φ is defined to be either weight loss or SBS reduction; however it can be applied to capture the change of any other property. It is emphasized that in Equation (1), the functional form of g(T,φ) and thus, the specific formulation of temperature effect in g(T,φ) is not known a priori. Rather, it is left to be determined by the trend observed in experimental data. Once g(T,φ) is properly identified, the reduction in the property φ can be determined by solving a first order differential equation. The premise in Equation (1) is that the thermooxidative degradation of composites can be expressed by a first order, phenomenological model. That is, temporal evolution of weight loss or SBS reduction during aging essentially exhibits a mathematical structure that can be predicted from a first order differential equation. Similar first order models have been used to describe oxidation reactions, where the function g(T,φ) can be separated as the product of two functions (i.e.
, K(T)g(φ)
). In addition to thermal aging, Equation (1), in this generic form, has been used to develop phenomenological models for various other applications, including cure modeling of thermoset resins and composite prepregs, and also for describing microstructural changes [18] [19] [20] [21] [22] .
The first step in developing such a model involves construction of dφ/dt from the experimental data. The construction of this rate information requires data to be collected at sufficiently frequent intervals to form an accurate picture of the time rate of change of the degradation parameter, φ. The subsequent construction of dφ/dt versus φ curves for the isothermal aging temperatures helps identify the suitable functional forms for g(T,φ). In this study, the selection of the functional form of g(T,φ) and the other temperature dependent model parameters was dictated by the ability of the model to recover the isothermal aging data accurately. This was achieved by maximizing the correlation coefficient of the curve fit during the selection of model parameters and their dependence on temperature. By following this procedure, the best fit for the model parameters was obtained regardless of the scatter in the data. Considering the data in Figure 1 , a three-parameter model accurately represents the evolution of the percentage weight loss, W l (Equation (2)):
where a, b, and c are the temperature dependent model parameters. These model parameters are expressed as a linear function of temperature (Equation (3)):
where T represents aging temperature. For aging at 150°C, a linear model seemed to work better as the weight loss increased slowly at a constant rate. Thus, instead of Equations (2) 
100°C-data were excluded from the strength reduction model. In this case, a simpler two-parameter model for strength reduction worked better for all three temperatures. The time rate of reduction of strength is expressed by an exponential function given as Equation (4): (4) where σ is the percentage reduction in short beam strength, and κ and λ are temperature dependent model parameters. Within the range of 150 to 200°C, the parameters κ and λ were expressed in Equation (5):
Although the model given in Equations (4)- (5) only contains two parameters, κ and λ, the temperature dependency of these parameters did not yield a linear relationship. The model estimates the initial rates of short beam strength loss at t = 0 as 0.079, 0.159, and 1.809% per hour for 150, 175 and 200°C, respectively. These initial rates are approximate values obtained for t → 0. As time increases, the strength reduction rates rapidly change, especially for higher temperatures. Nevertheless, the estimates of strength reduction as t → 0 provide valuable guideline regarding the severeness of the initial degradation.
Long-term predictions and model validation
The applicability of the weight loss and short beam strength reduction models to longer time frames was analyzed. Although these models have been developed by using only 2000 hours of aging data, applying them to longer periods is desirable. Such an approach would save significant time in experimental characterization of composite degradation, provided that the desired accuracy is still maintained. In the present study, extending the time frame of the models by 2.5 times from 2000 to 5000 hours will demonstrate the utility and robustness of the models. To validate this approach, predictions of both models for 5000 hours aging are compared with the actual experimental data.
The weight loss model given by Equations (2)- (3) is numerically solved up to 5000 hours. The solution is rather straight forward since the standard fourth-order Runge-Kutta method yields the desired numerical accuracy. Figure 3 shows the experimental and predicted percentage weight loss up to 5000 hours. The solid lines illustrate the model predictions up to 2000 hours, the time frame used in model development. Dashed lines depict extension of model predictions up to 5000 hours. As explained earlier, the samples aged at 100°C did not suffer any weight loss beyond the initial phase of moisture desorption. The model performed very well for samples aged at 150 and 175°C, with weight loss estimates falling almost within the measured experimental uncertainty. It seems that at 150 and 175°C, the model would continue to predict weight loss accurately, even after 5000 hours. For aging at 200°C, the model, however, loses accuracy, such that the experimental data starts diverging from the established trend shortly after 2500 hours. At 5000 hours, the model predicts a weight loss of 4%, whereas experimental data indicates an almost 6% weight loss. It is worth noting that experimental uncertainty increases considerably after 2500 hours, as observed by the continual increase in the size of the error bars up until 5000 hours. This deviation from the initial trend points to an acceleration in degradation mechanism. Although, the reasons for this acceleration in degradation have not been identified, it could possibly be due to further weakening of the overall fiber-matrix interface, severe delamination or acceleration of microcrack growth along the fibers at the interphase region. A detailed microscopic examination of the samples was not performed to establish the leading cause of degradation at higher temperatures; however, the surface morphology of the samples displayed visible changes such as charring and discoloration after being exposed to 200°C for 5000 hours. From a modeling perspective, higher order effects that were not captured by the first order models may be becoming dominant at later stages of degradation. Such effects could be included in the models at the expense of adding mathematical complexity. For example, both reaction and diffusion controlled degradation effects could be captured by a combination of both first and second order temporal differentials. Figure 4 shows the experimental and predicted percent reduction in short beam strength up to 5000 hours. at 4000 and 5000 hours. However, at these levels, the samples have already lost more than 45% of their initial strength. In most practical applications, these samples would be viewed as failed -if not already failed in service -and therefore would be replaced before reaching such excessive levels of degradation. Overall, the strength loss model performed very well for all the temperatures and well beyond the time frame for which it was developed.
Conclusions
Thermo-oxidative aging of 24-ply, aerospace-grade AS4/3501-6 graphite/epoxy composite laminates is investigated by characterizing the weight loss and reduction in short beam strength at 100, 150, 175 and 200°C. First order differential models are developed for the percentage weight loss and short beam strength reduction using the isothermal aging data up to 2000 hours. These models can be used to predict thermo-oxidative aging when the composite is exposed to an arbitrary time-dependent temperature profile. The utility of these models were demonstrated by successfully predicting the actual weight loss and strength reduction up to 5000 hours, well beyond 2000 hours for which the models were developed. Thus, it is possible to develop robust models using shorter term, isothermal aging data which would yield sufficiently accurate results over a much longer time frame.
The material was shown to be highly stable at 100°C such that no significant weight loss or strength reduction was observed during 5000 hours of aging. After 5000 hours, the laminates suffered 0.81, 2.31, and 5.84% weight loss coupled with 
